Fast dynamic control of skin coloration is rare in the animal kingdom, whether it be pigmentary or structural. Iridescent structural coloration results when nanoscale structures disrupt incident light and selectively reflect specific colours. Unlike animals with fixed iridescent coloration (e.g. butterflies), squid iridophores (i.e. aggregations of iridescent cells in the skin) produce dynamically tuneable structural coloration, as exogenous application of acetylcholine (ACh) changes the colour and brightness output. Previous efforts to stimulate iridophores neurally or to identify the source of endogenous ACh were unsuccessful, leaving researchers to question the activation mechanism. We developed a novel neurophysiological preparation in the squid Doryteuthis pealeii and demonstrated that electrical stimulation of neurons in the skin shifts the spectral peak of the reflected light to shorter wavelengths (greater than 145 nm) and increases the peak reflectance (greater than 245%) of innervated iridophores. We show ACh is released within the iridophore layer and that extensive nerve branching is seen within the iridophore. The dynamic colour shift is significantly faster (17 s) than the peak reflectance increase (32 s), revealing two distinct mechanisms. Responses from a structurally altered preparation indicate that the reflectin protein condensation mechanism explains peak reflectance change, while an undiscovered mechanism causes the fast colour shift.
INTRODUCTION
Animal coloration is pigmentary or structural; light is either absorbed by pigments or disrupted through wavelength interference caused by nanoscale structures [1] [2] [3] . These nanostructures reflect light such that the observed colour is dependent on the viewing angle, also known as iridescence [3] [4] [5] . Iridescence plays an important role in animal communication and camouflage as it provides the body with the ability to vibrantly reflect any colour, something pigments cannot match in intensity or colour range [6, 7] . For example, the blue colours in invertebrates, birds, fishes, lizards and amphibians are almost always iridescence based [6] [7] [8] [9] [10] . Some species can alter their structural coloration as a result of various environmental stimuli while others possess physiological control over their iridescence. For example, tree swallows (Tachycineta bicolor) can alter their iridescent blue-green feathers based on relative humidity [11] , the tree lizard (Urosaurus ornatus) can change its iridescent underbelly with changes in temperature and the tortoise beetle (Charidotella egregia) will actively change its structural coloration from gold to red when provoked [12] . In contrast, the iridescent cells of many fish and frog species are responsive to exogenous application of neuromodulators, taking seconds to minutes to respond [13] [14] [15] [16] [17] [18] [19] . Furthermore, electrical stimulation of nerves activates iridescence in fishes [20] [21] [22] .
Neural control of iridescence in an invertebrate species has not been demonstrated to our knowledge, but squid are good candidates. Squid produce some of the most extensive and rapid skin colour changes in the animal kingdom [23] and aggregations of iridocytes in their skin-termed iridophores-change colour upon exogenous application of acetylcholine (ACh) [24] [25] [26] [27] . Using silver staining and ACh esterase staining, nerves were identified in proximity to iridophores in the arms of Doryteuthis pealeii [28] , but electrical stimulation of the skin, pallial and visceral nerves in the squid Lolliguncula brevis did not elicit iridophore activation [23] , and extensive microscopy failed to locate iridophore synapses [27] . Thus, although neural control of squid iridophores has been suggested [27, 29] , this remained to be demonstrated.
We investigated the iridophore control mechanism with a new skin preparation. We show that electrically stimulating a subset of skin nerves results in a robust and reproducible activation of iridophores in the fin and dorsal mantle of squid (D. pealeii ). We used immunohistochemistry to label neuronal branches within these active iridophores. To investigate the temporal dynamics of iridophore activation under natural stimulation (i.e. neural release of ACh), we measured the colour (wavelength) and intensity (reflectance) at high resolution, and show that the temporal dynamics of these two properties differ. Moreover, stimulation of structurally compromised skin results in a normal reflectance change, but the colour change is dramatically reduced. Together, our results suggest that the iridophore response is driven by two mechanisms. The implications of these new findings are discussed.
MATERIAL AND METHODS
(a) Animals Adult Atlantic longfin squid (D. pealeii, aka. Loligo pealeii; figure 1a) were collected by brief trawling runs from the coastal waters near Woods Hole, Massachusetts. From large holding tank populations, individuals that showed no evidence of skin damage in at least one fin were transferred to separate holding tanks for males and females, respectively. Each squid was fed daily with small live fish (Fundulus spp.), and animals were kept for up to two weeks before being used for experiments.
(b) Dissection and electrophysiology (i) Set-up The chamber was filled with Tris-buffered (20 mM; pH 7.8) natural seawater (NSW), which was re-circulated and held at a constant temperature (158C) using a refrigerated water chiller. The dissection tray was viewed with a stereo dissection trinocular microscope on a boom stand positioned above the fin to allow dissection, video imaging and spectrometry. Light for dissection, imaging and measuring spectra was provided by a halogen fibre-optic light source (Schott).
(ii) Tissue preparation Squid were anaesthetized by immersion in seawater containing a sublethal concentration of ethanol (3%), and then killed by decapitation and decerebration. The ventral mantle muscle was partly cut away and the internal organs removed. Only fins that had no evidence of skin damage were used in preparations. The preparation was placed dorsal side down in a large perfusion chamber and pinned down near the periphery of the fin and remaining mantle. We readily observed nerves that ran in tracts from the large fin nerve, and branched subsequently to either terminate within iridophores or pass through them (see the electronic supplementary material, figure S1 ). One intact and three reduced preparations were developed for this research.
(iii) 'Intact' fin preparation A small window (0.5 Â 1 cm) of ventral skin and fin muscle near the base of the fin was removed by surgical dissection, leaving the innermost layer of the dorsal skin exposed, to enable the location of nerves. Nerves were tightly interwoven with connective tissue and travelled throughout the iridophore layer, which required very precise and careful dissection to remove enough length of nerve for electrical stimulation. Once the nerve was dissected away from the connective tissue, the dorsal skin was opened fully to allow access from the dorsal surface. The preparation was inverted and pinned with ventral surface facing down (see the electronic supplementary material, figure S2a). Immediately prior to stimulation, nerves were cut and sucked into glass pipettes that formed a tight seal around the nerve bundle. ; colours inside circles represent peak of the iridophore spectra at the farthest wavelength shift). (i,j ) Timing of the peak wavelength shift and peak reflectance increase, respectively. The step in the red trace indicates the stimulation timing. Grey, standard deviation. n ¼ 4 animals and 13 iridophores with one to three repeat measures from each iridophore. Scale bars: (b) 1 cm, (c -f) 1 mm.
Custom pipettes with suitable internal diameters were made by manually cutting and polishing with a Sutter ceramic tile.
(iv) Three reduced preparations Similar to the intact fin, (i) tissue above and below the iridophore layer was removed (figure 2d,e; electronic supplementary material, figure S2b); (ii) tissue above the iridophore layer was removed (figure 3a,b; electronic supplementary material, figure S2c); and (iii) tissue below the iridophore layer was removed (figure 3c; electronic supplementary material, figure S2d).
To stimulate iridophores reliably and periodically over several hours, we stimulated with 5 V pulses. Each pulse was 300 ms in duration and was repeated at a frequency of 10 Hz over a period of 15 s unless otherwise stated. Upon neural stimulation, both chromatophores and iridophores responded. The iridophore-activated field included part of the chromatophore-activated field and areas immediately anterior. By increasing the stimulation frequency (0.5-80 Hz) and/or voltage (1 -50 V), a higher number of iridophores with higher reflectances could be observed, but this trend eventually saturated.
(c) Videography and spectrometry Once a nerve was connected to the stimulator (model 2100, A-M Systems), we coordinated electrical stimulation with videography or spectrometry (through the trinocular port of the stereo microscope), using a Power Lab data acquisition unit (PL3504) and LAB CHART software (AD Instruments) to trigger equipment, including a blue light-emitting diode (LED) light pulse (observable in the video or spectra measurements). High-definition video was collected at 30 frames per second with a Canon EOS 5D Mark II digital camera in manual mode. Prior to spectra collection, a diffuse reflectance standard (model WS-1, Ocean Optics) was used to calibrate the spectrometer (model QE65000, Ocean Optics) for the halogen light source (Schott). Light was directed from above, within 58 of vertical, using a dual fibre-optic light guide. Spectral and reflectance measurements were collected via a 1 mm optical fibre assembly coupled from the microscope to a spectrometer every 0.3 s over 3 -8 min, and data were logged with SPECTRASUITE to the computer's hard disk. During each spectral measurement, video was recorded simultaneously by using a Zeiss eye piece adaptor and an HD video recorder (model HDR-XR520V, Sony) to collect representative images for each spectral change. Note that automatic brightness correction was applied during the Sony HDR-XR520V acquisition.
To avoid chromatophore activity affecting the quantification of iridophore responses, we selected for spectral and reflectance measurements only iridophores that were anterior to the chromatophore receptive field (where chromatophores did not respond to electrical stimulation). To analyse spectra data, collected over several minutes, we used MATLAB (Mathworks) to normalize and subtract the background level of reflectance, and then smooth the data with a SavitzkyGolay filter to more easily visualize and compare responses between iridophores and preparations. We plotted the mean and standard deviation for the normalized, backgroundsubtracted and filtered spectra from iridophores for the baseline and maximum reflectance. To determine spectral dynamics, background reflectance was subtracted and the wavelength at peak reflectance found for each measurement over time.
(d) Whole-mount immunohistochemistry and confocal imaging After stimulation and simultaneous videography or spectrometry, we forward-filled some of the large nerve bundles with 3 per cent Lucifer yellow (LY). The nerve was re-cut about 1 -2 mm shorter, and then sucked immediately into a tight-fitting glass pipette, and the electrode rapidly backfilled with 3 per cent LY in 200 mM lithium chloride using a microfil needle. After 20 min, the LY dye had diffused down the nerve sufficiently to be seen with a fluorescence dissection microscope. We filled the nerve for a minimum of 10 h with the re-circulating bath in operation. The injected tissue was fixed for 12 h in 4 per cent paraformaldehyde in Tris-buffered NSW, then triple rinsed and stored in Tris NSW at 48C.
Tissue was processed as described by Gonzalez-Bellido & Wardill [30] . Briefly, the tissue was dehydrated and rehydrated in a series of steps to remove lipids and any trapped air, and then permeated with collagenase (0.5 mg ml -1 ) and hyaluronidase (300 mg ml -1 ) to open the nerve sheaths. An anti-LY antibody conjugated to NeurAvidin was used in conjunction with biotin conjugated to Dylight 633 to shift the excitation into the red and away from tissue autofluorescence. Tissue was then cleared in thiodiethanol (TDE) and mounted inside a hole in a metal slide that was contained with #0 cover glass to increase the working distance of the objective. Automated imaging was undertaken with a Zeiss 780 confocal microscope, collecting multiple tiled z-stacks with auto-brightness correction to deal with changes in structural complexity with increasing depth. Image z-stacks were stitched with the 'Grid/Collection stitching' plug-in within FIJI software, v. 1.46p [31] . Tracing of neurons was completed with the freely available software VAA3D, v. 2 [32] .
RESULTS
(a) Neural stimulation changes structural coloration Electrically stimulating skin nerves in the fin produced dramatic changes in colour and peak reflectance of squid iridophores (figure 1a-d; electronic supplementary material, movie S1). Dorsal mantle iridophores, which are larger in size than fin iridophores, could also be stimulated using similar methods (figure 1e,f ). Upon activation, fin iridophores shifted their average spectral peak of reflected light from red (624 + 42 nm) to green (511 + 26 nm), with an average maximum shift of 145 + 43 nm (figure 1g -i), while the average maximum peak reflectance increased by 245 + 120% (figure 1j). As the average peak colour was green, we termed this the 'green phenotype' and the error reported throughout the article as +1 s.d. The total colour shift differed between iridophores within the innervated field (figure 2a-c; cf. figure 1d). Iridophores that shifted colour the fastest also shifted wavelength the farthest (figure 1h).
We found that iridophores were also neurally activated when all skin layers above and below the iridophore layer were removed (figure 2d,e; electronic supplementary material, movie S2), confirming that neurons release ACh within the iridophore layer in D. pealeii. However, although the average peak reflectance change in these iridophores was large (359 + 144%), the average shift in the spectral peak of reflected light was small (30 + 10 nm), changing from dark red (672 + 15 nm) to pink (646 + 14 nm), as opposed to the green phenotype ( figure 2f ). This red-pink shift is termed the 'red phenotype' throughout this paper.
To elucidate whether dissection caused the red phenotype, structural damage was induced by removing patches of the epidermis, hyaline and chromatophore layers (see electronic supplementary material, figure S2 for explanation). Neural stimulation of this preparation yielded the red phenotype only in the iridophores underneath the open patches (figure 3a). Applying ACh in physiological excess (200 mM) did not recover these red phenotypes to a green phenotype (figure 3b). However, when the optical pathway to the iridophores was left intact and only the layers below the iridophores were removed, the red phenotype was also observed upon stimulation (figure 3c; electronic supplementary material, movie S5). Exogenous application of 200 mM ACh to a similar preparation, but now with the ventral surface facing the viewer, did not recover the green phenotype (figure 3d).
(b) Dynamics of the red and green iridophore phenotypes For appropriate comparison of the red and green phenotype dynamics, we normalized their responses. In the red phenotype, peak reflectance change and colour shift were proportional, and the rise and decay dynamics were identical (figure 3e). In contrast, the peak reflectance and colour shift changes were not proportional in iridophores that shifted from red to green, and the rise and decay dynamics showed an anticlockwise hysteresis curve (figure 3e). Furthermore, the times required to reach half the maximum colour shift (8 + 3 s) and to reach half the peak reflectance (15 + 2 s) differed significantly (paired t-test, n ¼ 13 iridophores, p ¼ 1.0e 2 007).
(c) Structurally coloured iridophores are associated with neural processes Using a whole-mount technique to track nerves throughout the skin [30] , we found that LY had travelled extensively between axons (figure 4a), presumably via gap junctions. Within the large nerves that travel beneath the iridophore layer, some axons forked, creating a stereotypical Y-shape with similar-sized divisions (figure 4b). The branches of these nerves travelled towards the dorsal skin surface, through the iridophore layer and then seemed to terminate in the chromatophore layer, presumably innervating them. Often, several axons exited the nerve immediately adjacent to iridophores (figure 4d), and we traced a highly branched network that was contained exclusively within the bounds of an iridophore (figure 4c). To obtain a higher signal, we carried out immunohistochemistry with acetylated alphatubulin antibodies, known to label neural structures in other cephalopods such as the pygmy cuttlefish [33] . This antibody labelled very fine neural structures that seem to terminate between the iridocyte cells within the iridophores but originated in the large nerve branches (figure 4e).
Access to all the images and raw data for this paper can be found at http://hdl.handle.net/1912/5277 in the Woods Hole Open Access Server (WHOAS). This material consists of images and data that support the four figures in this paper.
DISCUSSION (a) Neural stimulation changes structural coloration
We demonstrate that skin structural coloration can be controlled by neurons that descend from the squid central nervous system. Electrically stimulating nerves in the fin or dorsal mantle produced dramatic changes in colour Given that the iridophore colour shift in various squid species is related to the amount of ACh applied in vitro as bath application [23 -27,34] , our results suggest that the specific colour of each iridophore as well as speed of change is controlled by the nervous system, similar to spatial chromatophore patterning that occurs in the dermal layer just above. Previous studies with silver staining in L. brevis did not find neurons within the iridophore layer [23] ; thus, two possible mechanisms of activation were proposed: (i) that ACh might be released from neurons in the nearby chromatophore layer in a cholinergic non-synaptic diffusion system similar to starfish tube feet [35] ; or (ii) that ACh is delivered via the circulatory system, thus acting as a hormone. Both proposed mechanisms in L. brevis would account for the slow appearance (minutes) of iridescence in that species. However, loliginid squid such as Doryteuthis and Loligo are known to behaviourally express iridescence much faster (several seconds) [23] , so different mechanisms of activation might be expected.
We found that iridophores were also neurally activated when all skin layers above and below the iridophore layer were removed (figure 2d,e), confirming that neurons release ACh within the iridophore layer in D. pealeii. However, although the average peak reflectance change in these iridophores was large (359%), the average shift in spectral peak of reflected light was small (30 nm), remaining predominantly red in colour. This red phenotype has been observed in similar preparations of squid and cuttlefish tissue [23, 26, 36] . We hypothesized three possible causes for this: (i) change in haemolymph chemistry owing to interaction with the bathing solution, (ii) disruption of the optical properties of light interacting with the iridophore owing to damage of the hyaline layer, or (iii) structural damage to muscles or connective tissue that support the iridophores.
Cephalopods have an open circulatory system in the skin [37] . Therefore, over time, an opening in the skin allows diffusion of the bathing media across it. After sufficient time, changes owing to the bathing media should affect the whole fin tissue. However, when stimulating after 4 h of bathing, we still saw a sharp delineation between the area directly exposed to the bathing media and that which was intact (figure 3c). Thus, it is unlikely that this red phenotype is caused by changes in the haemolymph composition.
The red phenotype is not likely to arise from altered properties of the optical pathway because this phenotype results from structurally damaging the layers located ventrally or dorsally to the iridophores. Instead, it seems most plausible that the iridophore anchoring system (muscular or connective) was disrupted, affecting the iridophore structure, hence its coloration. This interpretation concurs with the suggestion that muscles found in the vicinity of iridophores may partially control reflectance in D. pealeii [38] and D. plei [29] . In L. brevis, muscle cells were noted in extracted portions of the iridophore layer and seen, in transmission electron micrographs, in proximity to iridophores [23, 27] . The function of such muscles is unknown. However, during and after neural stimulation in the intact fin, we observed that within some iridophores, groups of iridocytes rapidly flickered. Such spontaneous 'flicker' was independent of adjacent chromatophore activity, lasted 400 ms and resulted in a dramatic reflectance change (see the electronic supplementary material, figure S3 and movie S4) . This observation further suggests that a muscular mechanism may also play a role in the iridophore response, but whether the red phenotype results from muscle damage remains to be shown.
(b) Dynamics of the red and green iridophore phenotypes Currently, changes in iridophore peak reflectance and colour are thought to be driven exclusively by the condensation of proteins named reflectins [39] . Initial condensation reflects light and increases peak reflectance, thereby increasing the visibility of the iridophore. Further condensation is accompanied by decreased platelet thickness and increased inter-platelet spacing, thus shifting the peak iridophore colour to shorter wavelengths and increased peak reflectance [24, 25, 27, 40] . Such reports proposed that ACh activates the colour and peak reflectance changes in parallel, taking more than a minute to complete in bath application. However, precise quantification of the iridophore speed of colour and peak reflectance change had not been reported, although observations of live squid indicated changes of the order of a few seconds [23] . Our preparation allowed us to investigate the timing of these two parameters with high temporal resolution. If colour spectra and peak reflectance change were the outputs of the exact same mechanism, it would be expected that changes in their output would be proportional; altering the activation mechanism would impact colour shift and peak reflectance proportionally. However, the times required to reach half the maximum colour shift (8 s) and half the peak reflectance (15 s) differed significantly, suggesting that a second mechanism was at play. Moreover, the iridophore responses from structurally compromised tissue, where the peak reflectance increase was retained but the amount of colour shift was decreased, provided additional support for two activation mechanisms. By normalizing the responses, the red phenotype had proportional rise and decay dynamics for colour versus reflectance, while the green phenotype rise and decay dynamics were not proportional (figure 3e). Hence, this difference in the proportional dynamics of colour and reflectance indicates that the reflectin phosphorylation process [26] accounts for the full peak reflectance change, but only part of the colour shift. Consequently, a second activation mechanism seems responsible for the largest and fastest part of the colour shift. Under this hypothesis, unidentified muscles within the iridophore could alter the structure of the iridocytes.
(c) Structurally coloured iridophores are associated with neural processes Using a whole-mount technique [30] , skin nerves were traced starting beneath the iridophore layer. The branches of these nerves travelled towards the dorsal skin surface, through the iridophore layer and then seemed to terminate in the chromatophore layer. We found highly branched neurites that were contained exclusively within the bounds of an iridophore in LYfilled axon preparations and in tissue labelled with a neural specific antibody. However, we did not reliably identify synaptic boutons or en passant synapses. Part of Squid control their iridophores neurally T. J. Wardill et al. 4249 the difficulty lies in the reflective nature of iridophores, which produce scatter, making it difficult to obtain sharp images. One reason that classical synapses innervating iridophores have not been located despite considerable efforts [27, 38, 41, 28] is that iridophore reflectance change may be caused by a volume transmission method [42] , where en passant neural terminals [43] release ACh at distances greater than a synaptic cleft and diffusion allows ACh to reach its targeted receptor [35] . ACh is now shown to be an important volume transmission signal in the vertebrate brain [44, 45] , while en passant terminals are common in the octopus brain [46] and proposed to control chromatophore muscles [47] . Imaging the ACh release site is the focus of ongoing investigations.
(d) Ecological importance of iridophore colour control For successful communication, a signal must be produced at the appropriate time scale. In the squid D. pealeii, we observed that the spectral change (17 + 4 s) was faster than the reflectance change (32 + 8 s). The electrically stimulated response was also faster than responses elicited by exogenous ACh applications to squid L. brevis and D. pealeii (i.e. 60 -90 s [23, 25, 48] ). Furthermore, the mean wavelength iridophore colour (511 + 26 nm) at maximum stimulation approximately matches the peak wavelength sensitivity of squid rhodopsin at 493 nm [49] . This is in accordance with previous suggestions that iridophores, with their dynamic brightness, coloration and angle dependency, are likely to function prominently in intraspecific communication [23,50 -53] . Blue and green iridescent signals are also likely to play a role in interspecific signals, as in secondary defence displays [54] , because these colours are predominant at a wider range of depths than long wavelengths and many predatory fishes have visual capabilities in these colours. Conversely, iridophores of D. pealeii are often shown during camouflage body patterns, and their reflected colours complement the yellow, red and brown pigmented chromatophores [55] .
The dramatic squid iridophore colour changes reported previously and here are somewhat perplexing because most cephalopods are colour-blind [56] [57] [58] . However, accompanying the iridophore colour shift is a change in the polarization angle [28, 36, 51] that is behaviourally relevant to cephalopods (see reviews [59, 60] ). Thus, although polarization of the iridophore's reflectance was not measured in this study, the rapid half-maximum spectral rise time described here (5-11 s) may approximate the speed of polarization shift (308 in 1 s) reported by Shashar & Hanlon [61] .
(e) Conclusions We have shown that structural coloration of squid fin and mantle iridophores can be controlled by nerves in that specific skin layer. We provide evidence that (i) nerves in the iridophore layer of the fin carry axons that control iridophore state; (ii) ACh delivery occurs within the iridophore layer; and (iii) neuronal branching exists within the iridophores of this squid species. Our results suggest that the amount of ACh delivered to each iridophore may determine the speed of colour change (ranging 17 + 4 s) and the total shift of the spectral peak (up to 145 + 43 nm). That is, the animal may have fine neural control over the output of the structural coloration. In addition, the largest proportion of the iridophore colour shift is dependent upon structural tissue integrity, as the maximum peak reflectance change can be evoked by neural activation in a reduced preparation with only nerves and the iridophore layer present, but the colour shift is reduced significantly owing to the absence of the other dermal layers. We propose that the iridophore response results from the summation of two mechanisms. The first mechanism, involving reflectin protein phosphorylation, is already known and explains the large change in peak reflectance. The second mechanism responsible for most of the colour shift, which is much faster than the peak reflectance change, is undetermined, but may be the result of muscular activity, either within the iridophore or in a nearby dermal layer.
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